Abstract. The climatological seasonal cycle of sea surface temperature (SST) in the tropical Pacific is simulated using a newly developed upper ocean model. The roles of vertical mixing, solar radiation, and wind stress are investigated in a hierarchy of numerical experiments with various combinations of vertical mixing algorithms and surface-forcing products. It is found that the large SST annual cycle in the eastern equatorial Pacific is, to a large extent, controlled by the annually varying mixed layer depth which, in turn, is mainly determined by the competing effects of solar radiation and wind forcing. With the application of our hybrid vertical mixing scheme the modelsimulated SST annual cycle is much improved in both amplitude and phase as compared to the case of a constant mixed layer depth. Beside the strong effects on vertical mixing, solar radiation is the primary heating term in the surface layer heat budget, and wind forcing influences SST by driving oceanic advective processes that redistribute heat in the upper ocean. For example, the SST seasonal cycle in the western equatorial Pacific basically follows the semiannual variation of solar heating, and the cycle in the central equatorial region is significantly affected by the zonal advective heat flux associated with the seasonally reversing South Equatorial Current. It has been shown in our experiments that the amount of heat flux modification needed to eliminate the annual mean SST errors in the model is, on average, no larger than the annual mean uncertainties among the various surface flux products used in this study. Whereas a bias correction is needed to account for remaining uncertainties in the annual mean heat flux, this study demonstrates that with proper treatment of mixed layer physics and realistic forcing functions the seasonal variability of SST is capable of being simulated successfully in response to external forcing without relying on a relaxation or damping formulation for the dominant surface heat flux contributions.
Introduction
In recent years, climate studies have been focusing on the interannual variability of the coupled tropical ocean and global atmosphere system, especially the E1 Nifio-Southern Oscillation (ENSO) phenomenon. Less attention has been paid to the seasonal cycle upon which ENSO is superimposed. Since the seasonal cycle is itself a large signal and ENSO is apparently phase locked to it, improved knowledge of the processes that determine the characteristics of the seasonal cycle is essential to our ability to understand and eventually predict short-term climate change. Although a class of coupled models has been very successful at predicting the onset of ENSO events by specifying the mean seasonal cycle of sea surface temperature (SST) [e.g., Zebiak and Cane, 1987] , future refinements to coupled Copyright 1994 by the American Geophysical Union.
Paper number 94JC01621. 0148-0227/94/94JC-01621505.00 models may require an internally evolving seasonal SST variability that is free of climate drift and with realistic phase and amplitude. In this study we attempt to simulate the SST seasonal cycle in the tropical Pacific Ocean using a newly developed upper ocean model and try to identify the important processes that are responsible for the seasonal variability.
Plate 1 shows the Levitus [1982] climatological SST for the tropical Pacific Ocean. The top panel is the annual mean, the middle panel is the standard deviation of the monthly mean from the annual mean, and the bottom panel is the seasonal variation of the monthly mean anomalies averaged from 5øS to 5øN. The annual mean SST is characterized by a vast warm pool in the west, a cold tongue in the east, and a warm spot off the coast of Mexico. The standard deviation is small in the warm pool but rather large in the cold tongue with a maximum off the coast of South America. Similarly, the equatorial seasonal cycle has large zonal variations with a weak semiannual cycle in the west, a strong annual cycle in the east, and a westward phase propagation in between. It has been recognized that the semiannual cycle of SST in the western equatorial Pacific basically follows the seasonal migration of the sun, while the large SST annual cycle in the eastern equatorial Pacific is strongly tied to the dynamic processes in the upper ocean [e.g., Gordon and Corry, 1991] .
Present tropical ocean models, ranging from the simple reduced gravity models [e.g., Busalacchi and O'Brien, 1980] to the more sophisticated general circulation models (GCMs) [e.g., Philander et al., 1987] , are capable of simulating the wind-driven seasonal variations of the equatorial thermocline and surface currents, but there remains difficulty in reproducing the externally forced seasonal cycle of SST. The early reduced gravity models did not, of course, contain active thermodynamics and thus related SST variations to thermocline fluctuations. This certainly is an oversimplification because the changes of SST are not necessarily associated with those of thermocline depth on seasonal timescales. Even in regions such as the eastern tropical Pacific, where the thermocline is close to the surface, the SST variability is influenced in a nonlinear manner by the contrasting response of mixed-layer temperatures during entrainment versus detrainment episodes. The GCMs, with explicit treatment of thermodynamics, have also had difficulty in simulating the SST seasonal cycle satisfactorily without relaxing the model SST back to climatology or imposing air temperature and humidity in heat flux parameterizations. For example, Giese and Cayan [ 1993] have shown that the SST seasonal cycle in the equatorial Pacific predicted by their GCM is not even close to that observed if air temperature is not specified in the latent heat flux formula.
Since, in reality, air temperature and humidity closely follow SST and not the other way around, specifying these quantities in heat flux parameterization is tantamount to a priori imposing the desired SST [Seager et al., 1988] Here we take up the tasks of improving model physics by introducing a new hybrid vertical mixing scheme and of evaluating the impact of uncertainties in atmospheric forcing by driving the model with several different products of solar radiation and wind stress, including satellite-derived data sets. Specifically, we seek to answer the following questions: (1) For a given atmospheric forcing, can we improve the SST seasonal cycle simulation in the tropical Pacific by improving the vertical mixing parameterization? (2) If the answer to the first question is yes, then how does vertical mixing affect the SST seasonal cycle? (3) What are the effects of solar radiation and wind stress on SST variability? (4) How sensitive are model SST simulations, including the seasonal cycle and annual mean, to the uncertainties in the surface fluxes? In the next section we briefly describe the model used in this study. The various data sets of solar radiation and wind stress are compared in section 3. Then the model results are presented in section 4, followed by discussion and conclusion in section 5.
Model Description
The ocean circulation model used in this study is the three-dimensional, reduced gravity, primitive equation model of Gent and Cane [1989] , which was specifically designed for the upper tropical ocean. The model allows for a stretched horizontal grid and uses the Lorenz N cycle scheme for time integration and the order 8 Shapiro filter for horizontal smoothing. A novel feature of this model is its flexible vertical coordinate. The model ocean is vertically divided into a specified number of layers. The uppermost layer represents the mixed layer, and the layers below are chosen according to a sigma coordinate. Thus the thicknesses of all the layers are allowed to change, but the ratio of each sigma layer to the total water column below the mixed layer is fixed to its prescribed value. Once the mixed layer depth is predicted (based upon the mixing scheme described below), the thicknesses of the remaining layers are calculated diagnostically. The real advantage of such a vertical coordinate is its computational efficiency. The vertical resolution is fine exactly where it is needed, right below the mixed layer and in the thermocline where shear-produced turbulence is active. This overcomes one of the disadvantages of the level models which need high resolution over the entire range of the mixed layer variation.
One important component of our modified version of the circulation model used here is the hybrid vertical mixing scheme recently developed and implemented by Chen et al. [1994] . This scheme incorporates physics of the widely used Kraus-Turner [ 1967] type mixed layer model and the Price et al. [1986] dynamical instability model. By combining the advantages of those two models, the hybrid scheme simulates the three major physical processes of oceanic vertical turbulent mixing in a computationally efficient manner. The mixed layer entrainment and detrainment are related to the atmospheric forcing using a bulk mixed layer model; the shear flow instability is accounted for by a partial mixing controlled by the gradient Richardson number; and the free convection in the thermocline is simulated by an instant adjustment. The hybrid scheme has been applied to both one-and three-dimensional ocean models . It returns good results both within and below the surface mixed layer, as well as on and off the equator. As compared with some commonly used mixing schemes, the hybrid scheme behaves more reasonably in both idealized experiments and realistic simulations. Equipped with this vertical mixing scheme, the Gent 
Atmospheric Forcing
Monthly climatological surface heat flux and wind stress are used to force the model since our emphasis in this study is the climatological seasonal cycle rather than interannual variability. For consistency the forcing products are interpolated to a 2 ø x 2 ø common grid, although the original data sets have different spatial resolution. Our heat flux formulation is such that the solar radiation is not only a function of latitude and time, but also is strongly dependent on cloud cover; the latent heat flux has a pattern similar to that of wind speed; and the long wave and sensible heat fluxes are proportional to the model SST. Among the four components of the surface heat flux we focus our attention on the downward solar radiation which is the only truly external component. The various products of solar radiation and wind stress used for this study are described in this section. 
Model Results
A total of eight experiments using various forcing sets and vertical mixing schemes are presented in this section. In each experiment the tropical Pacific model was run for 10 years and a mean "climatological" seasonal cycle was obtained using the last 5 years of model output. Consistent with the Levitus data and the atmospheric forcing data, the model variables were averaged to form monthly mean fields. The SST simulation is our sole focus in this paper; the mixed layer depth and heat budget will be analyzed to aid in interpreting the SST results. surface heat flux is distributed, but also through entrainment and diffusion at the base of the surface mixed layer. We will demonstrate later that in the eastern equatorial Pacific, although entrainment and diffusion are significant cooling processes in late spring and early fall when the mixed layer deepens, the most important effect of vertical mixing on the SST seasonal cycle is through the annual variation of the mixed layer depth. Because the hybrid mixing scheme is capable of simulating the mixed layer variability, it is superior to the scheme with a constant depth mixed layer in modeling the SST annual cycle in the eastern equatorial Pacific. In the case with a 50-m mixed layer depth the SST annual cycle actually represents the annual variation of the surface layer heat content which lags the total heat flux variation by 90 ø and is much less than the mean heat content. In the case with the hybrid scheme, although the heat content still does not change much, a large SST annual cycle results from the mixed layer depth variation which is in phase with the surface forcing and is twice as large as the mean depth. Thus an important measure of the effect of vertical mixing on the SST seasonal cycle is the relative magnitude of the seasonal mixed layer depth variation to the annual mean depth. In regions where the mean mixed layer depth is relatively large the mixing-produced SST variation is usually small. This explains why the large seasonal variations of the mixed layer depth under the trade winds are not reflected in the SST field. This also partly explains why the semiannual variation of the mixed layer depth in the western equatorial Pacific does not contribute much to the SST variations there.
The Role of Vertical
Another reason for the relatively small SST variability in that region is the weaker surface heating as compared with that in the east. It seems likely that the SST seasonal cycle is locally driven in both the western and eastern equatorial Pacific. In the west it follows the semiannual cycle of the sun, and in the east it is controlled by the annual cycle of the mixed layer depth which, in turn, is determined by the combined effect of solar radiation and wind stress.
The Role of Solar Radiation
Three experiments using the three different products of solar radiative forcing described in section 2 were carried out to assess the effects of solar radiation and its uncertainty on model SST simulations. In all three experiments the vertical turbulent mixing was parameterized using our hybrid mixing scheme and the wind stress forcing was the FSU monthly climatology. The SST simulation from one of these experiments, in which the EK cloud data were used in calculating solar radiation, has already been described in section 4.1. where the role of vertical mixing is emphasized (Plate 5b). The SST simulations from the other two experiments are depicted in Plates 7a and 7b, respectively.
The annual mean SST fields from the three experiments are very different, but the differences are expected; the stronger the mean solar radiation, the warmer the mean SST. The major SST errors found in the case with the EK cloud cover (Plate 5b) still remain in the case with the ISCCP cloud cover (Plate 7a). However, the SST simulation in the latter case is worse in the north, but better in the south and in the central equatorial regions, consistent with the differences in the solar radiation products (see Plate 2). The annual mean SST in the case of the ISCCP radiation using the FAST scheme is much warmer everywhere because the mean solar radiation in this case is much larger than in the other two cases. The standard deviations and the equatorial seasonal variations in the three cases are quite similar, although the annual cycle in the east is a little stronger in the two cases using the satellitederived cloud data. This confirms our earlier speculation that the uncertainties in the solar radiation data result in large produce a seasonal cycle not only in the heat input to the ocean, but also in the mixed layer depth over which the heat input is uniformly distributed. In the western equatorial Pacific the direct heating is the major effect of solar radiation on the SST variability because the SST semiannual cycle there follows the solar heating variation (with an expected lag of 90 ø ) and is not sensitive to vertical mixing parameterization (see Plate 5). In the eastern equatorial Pacific, however, the effect of solar radiation on the mixed layer depth is also important, and the prominent SST annual cycle there is largely determined by the annual variation of the mixed layer depth, as discussed earlier.
MIXED LAYER DEPTH (M) uncertainties in annual mean
When winds are weak and solar radiation is strong, the model-simulated mixed layer depth can be as shallow as a few meters and a significant part of the solar radiation can penetrate below the mixed layer. An additional experiment, which is similar to the experiment described in Plate 7a, except solar radiation is totally confined to the mixed layer, was performed to test the sensitivity of the SST simulation to the penetrative radiation 
The Role of Wind Stress
Although wind stress does not appear in the thermodynamic equation, it has tremendous influence on SST because of its effect on the advective and diffusive processes that redistribute heat in the upper ocean. We have already mentioned several times the important role of wind forcing in influencing SST variability through its control of the mixed layer depth. For instance, the large annual cycle of SST in the eastern equatorial cold tongue owes its existence to the annually fluctuating mixed layer depth which is, to a large extent, controlled by the annual variation of wind. The generally shallow mixed layer in that region, which is necessary for the large SST variability, is also a consequence of wind forcing; the wind-driven upwelling cools SST and reduces sensible and latent heat fluxes, resulting in a large net surface heat flux which limits mixed layer deepening.
To In order to evaluate the effect of uncertainties in the wind stress data, we compare three experiments using the three different wind products described in section 2. One of these experiments is the one shown in Plate 7a where FSU climatological wind stress was applied. The SST simulations from the other two experiments in which HR and SSM/I wind products were used are displayed in Plates 10a and 10b, respectively. In all three cases the solar radiation was calculated using the bulk formula and the ISCCP cloud cover data and the vertical mixing was parameterized using the hybrid scheme. The same SST error pattern is found in all cases, but the annual mean SST is cooler everywhere when 
The Mixed Layer Heat Budget
The mixed layer heat budget in the equatorial Pacific was calculated as a function of time to further investigate the contributions of various processes to the SST seasonal variability. The heat balance is written as an equation for SST change rather than for the mixed layer heat storage rate so that the effect of each heat flux term on SST can be directly assessed. Thus the equation for SST change is Tt = Qs + QD + Qu + Qw, where T t is the rate of SST change; Q s, the net surface heat flux divided by the mixed layer depth; QD, the sum of the vertical mixing and horizontal diffusion; Q u, the zonal advection; and Qw, the sum of the vertical and meridional advection. The latter two advection components are put together because oftentimes they both represent the cooling effect of the equatorial upwelling. The heat loss from the mixed layer due to penetrative radiation is subtracted from the surface heat flux. The five terms in the above equation are computed for the case corresponding to the SST simulation in Plate 7a. The area-averaged seasonal variations of these terms are shown in Figure 1 for the western (130øE -160øE, 5øS-5øN), central (140øW-170øW, 5øS-5øN), and eastern (80øW-I10øW, 5øS-5øN In summary, we have simulated the climatological SST seasonal cycle in the tropical Pacific using a newly developed upper ocean model. The roles of vertical mixing, solar radiation, and wind stress were investigated in a hierarchy of numerical experiments with various combinations of vertical mixing schemes and surface-forcing products. Our major conclusion is that the SST seasonal cycle can be well simulated by improving vertical mixing parameterization, but the annual mean SST cannot be confidently reproduced until more accurate forcing data become available. The next step is to apply the model to a realistic multiyear simulation to investigate the interaction between the seasonal cycle and interannual variability and to take full advantage of the satellite-derived forcing data.
